Adaptive motor control is based mainly on the processing and integration of proprioceptive feedback information. In crayfish walking leg, many of these operations are performed directly by the motor neurons (MNs), which are connected monosynaptically by sensory afferents (CBTs) originating from a chordotonal organ that encodes vertical limb movements. An in vitro preparation of the crayfish CNS was used to investigate a new control mechanism exerted directly by motor neurons on the sensory inputs themselves. Paired intracellular recordings demonstrated that, in the absence of any presynaptic sensory firing, the spiking activity of a leg MN is able long-lastingly to enhance the efficacy of the CBT-MN synapses. Moreover, this effect is specific to the activated MN because no changes were induced at the afferent synapses of a neighboring silent MN. We report evidence that long-term potentiation (LTP) of the monosynaptic EPSP involves a retrograde system of glutamate transmission from the postsynaptic MN, which induces the activation of a metabotropic glutamate receptor located presynaptically on the CBTs. We demonstrate that LTP at crayfish sensory-motor synapses results exclusively from the long-lasting enhancement of release of acetylcholine from presynaptic sensory afferent terminals, without inducing any modifications in postsynaptic MN properties. Our data indicate that this positive feedback control represents a functional mechanism that may play a key role in the auto-organization of sensory-motor networks.
Although simply activating a central pattern generator can produce walking motor activities (Getting and Dekin, 1985; Grillner et al., 1991; C azalets et al., 1995) , it is now well accepted that the movement emerges from the processing and integration of sensory feedback information (Burrows, 1975; Rossignol et al., 1988; Viana Di Prisco et al., 1997) . In walking animals, limb sensory receptors play a major role in the adaptation of posture and ongoing movements to external perturbations. In turn, the motor program can shape the incoming sensory inputs by different means such as presynaptic inhibition Rudomin et al., 1998) or centrally controlled neuromodulatory mechanisms (Bras et al., 1989; Skorupski, 1996) . In the crayfish nervous system most of the sensory -motor integration is performed by the motor neurons (M Ns) themselves (Le Ray and Cattaert, 1997; . In the same way, various recent studies on vertebrate and invertebrate models have demonstrated the important role of M N properties in the production of the locomotor pattern (Arshavsky et al., 1993; Grillner et al., 1995; Perrins and Roberts, 1995; Bertrand and Cazalets, 1998) or in the control of the incoming sensory signals (Cattaert and Le Ray, 1998) .
In crayfish, glutamatergic MNs are accessed monosynaptically by the cholinergic sensory afferents originating from the coxobasipodite chordotonal organ (CBCO) that encodes the vertical movements of the leg. In a previous work, Cattaert and Le Ray (1998) described a new presynaptic inhibition mechanism mediated by glutamate and exerted directly by the active MNs onto their presynaptic CBCO sensory terminals (CBTs) .
In numerous models, neuronal electrical activity has been found to alter synaptic connections for long periods of time (Meyer, 1982; Frank, 1987; Alford et al., 1995) . The long-lasting enhancement of synaptic efficacy, so called long-term potentiation (LTP), has been studied extensively in the mammalian brain structures (Gustafsson and Wigström, 1988; White et al., 1988; Zalutsky and Nicoll, 1990; Isaac et al., 1995) . Long-term changes also have been described in various neuronal networks and especially in invertebrate motor systems such as in Aplysia (Castellucci et al., 1978; Dale et al., 1988) and the locust (Parker, 1995) .
In the present study an in vitro preparation of the CNS of the crayfish was used to investigate the possible plastic changes that may occur at sensory-motor synapses involved in the sensory feedback control of leg movements. In this report we provide evidence that an active MN potentiates its own incoming sensory synapses in a long-lasting way. We demonstrate that the induction of this LTP is mediated by a spike-generated central release of glutamate from the postsynaptic MN, which activates a metabotropic glutamate receptor (mGluR) located presynaptically on the CBTs. Moreover, we show that LTP at crayfish sensory-motor synapses results from the long-lasting increase in probability of the release of acetylcholine from the CBTs. The f unctional significance of such a mechanism is discussed.
MATERIALS AND METHODS
Results are based on Ͼ70 single or paired intracellular recordings from M Ns and CBTs (42 experiments) that were performed on adult male and female crayfish, Procambarus clark ii, weighing 25-30 gm. The animals, purchased from a commercial supplier (Chateau Garreau, Landes, France), were maintained in aquaria at 17-18°C and fed once a week.
Preparation. The in vitro preparation (see Fig. 1 A) (Chrachri and C larac, 1987) consisted of the last three thoracic ganglia and the motor nerves innervating the two proximal joints of the fifth leg: the two sets of antagonistic promotor/remotor (Pro/ Rem) and levator/depressor (Lev/ Dep) motor nerves. The CBC O that encodes the vertical movements of the leg was dissected out, together with its sensory nerve (CBn). The preparation was pinned down dorsal side up in a Sylgard-covered Petri dish and superf used with oxygenated crayfish saline containing (in mM) 195 NaC l, 5 KC l, 13 C aC l 2 , and 2 MgC l 2 . During experiments, divalent cation concentration was raised (34 mMCaCl 2 and 6.4 mM MgC l 2 ), with the sodium concentration reduced accordingly, to increase the threshold for spiking of the cells and thus reduce the efficacy of the polysynaptic pathways (Berry and Pentreath, 1976) . Note that, in control experiments (i.e., in saline with a normal C a 2ϩ concentration), we have checked that LTP could still be induced (data not shown). All saline solutions were buffered with 3 mM H EPES and pH-adjusted to 7.7 at 15°C.
Recordings. Monopolar extracellular recordings and nerve stimulation were performed with platinum pin electrodes contacting the nerves, isolated from the bath with Vaseline, and directed to a four-channel differential AC amplifier (A-M Systems, Everett, WA). Single and paired intracellular recordings from M Ns and CBTs were made with thin-walled glass microelectrodes filled with a potassium chloride solution (3 M) and having a 25-30 M⍀ resistance. The signals were amplified by an Axoclamp 2B (Axon Instruments, Foster C ity, CA). Intracellular current pulses delivered through the recording microelectrode and nerve stimulation were controlled by an eight-channel digital stimulator (A.M.P.I, Jerusalem, Israel). All physiological recordings were monitored on a four-channel digital oscilloscope (Yokogawa DL 1200, Tokyo, Japan) and on a digital tape recorder (BioL ogics DTR 1802, C laix, France) and digitized on a PC -based computer via an analog-to-digital interface (C ambridge Electronic Device, CED 1401PLUS, C ambridge, UK). Intracellular and extracellular recordings were digitized at 5-10 kHz and written to disk. Signals were analyzed with the CED programs SPIK E2 for spike sorting and SIGAVG for spike-triggered averaging.
Identification procedure for motoneurons and primar y afferents. Contrary to mammals, terminal motor nerves of crayfish are composed exclusively of M Ns, and the CBC O sensory nerve contains sensory fibers only (Bévengut et al., 1983) . This anatomical feature allowed us to distinguish intracellularly recorded M Ns from sensory axons. M Ns and CBTs were identified after penetration with a microelectrode by the following procedure: (1) the spike evoked by electrical stimulation of its axon in the corresponding identified nerve could be recorded by the microelectrode; (2) there was a one-to-one correlation between intracellular spikes and corresponding extracellular nerve spikes during spontaneous activity; (3) intracellular injection of depolarizing current into the cell-evoked spikes correlated one-to-one with extracellular spikes recorded in the corresponding nerve.
LTP induction. To induce LTP at sensory -motor synapses, we applied either depolarizing current pulses injected via the intracellular recording microelectrode or extracellular stimulation of the motor nerve that carried the axon of the intracellularly recorded M N at a frequency of Ͻ15 Hz. In some experiments, intracellular negative current pulses (Ϫ0.5 nA, 300 msec, 0.5 Hz) were injected to monitor the M N input resistance throughout the experiment. In some experiments, LTP was induced by pharmacological substances that were applied by pressure ejection (50 msec, 2 bars) through a glass microelectrode (tip diameter, 5-10 m) with the use of a Picospritzer II (General Valve, Fairfield, NJ).
The microejections were delivered specifically onto the thin branches of CBTs within the ganglion.
Pharmacolog ical studies. In some experiments the glutamate -pyruvate transaminase (GP T), an enzyme that rapidly degrades glutamate, was used. In some experiments glutamate, the glutamate ionotropic agonists NMDA and kainate (K A), and the glutamate metabotropic agonist trans-(Ϯ)-1-amino-1,3-cyclopentane-decarboxylate (ACPD) were pressureejected through ejection pipettes. The ability of various glutamate metabotropic antagonists 4C3HPG; R, MCPG; AP4) to block the glutamate-induced or electrically induced LTP, were tested. All chemicals were from Sigma (Saint-Quentin Fallavier, France), except 4C3HPG, which was from Tocris (Tocris Cookson, Bristol, UK).
Quantal and statistical anal yses. The distribution histograms giving the statistical fluctuations in the EPSP amplitudes displayed regularly spaced peaks that easily could be assessed visually and were used to indicate the quantal transmitter release values. The mean quantal amplitude q (i.e., the amplitude of the EPSP evoked by the release of one putative quantum) was taken to be the mean value dV of the intervals between successive peaks in the histogram. The mean quantal content m (i.e., the average number of quanta released by each action potential) was estimated indirectly as the mean EPSP amplitude/dV. The validity of a simple binomial model and that of a Poisson model was tested on the experimental quantal distributions. According to the simple binomial model, the probability p (0 Ͻ p Ͻ 1) of one quantum being released at each of the n available releasing sites is uniform and stationary. The probability p x of observing x quanta is given by the binomial equation. In cases in which p is very small (i.e., where m, the mean quantal content, is very small in comparison with n), the binomial distribution reduces to the Poisson distribution. In four of the five connections that were analyzed, the simple binomial model gave the best fit (significance level, p Ͻ 0.05; 2 test) (Del C astillo and Katz, 1954; Boyd and Martin, 1956 ). Statistical analyses were performed by the GraphPad PRISM program (GraphPad Software, San Diego, CA). All results are given as mean Ϯ SEM. The significance of changes induced during LTP was measured by using a Student's unpaired t test, excepted when the number of values was too small to test for a normal distribution. In this case a nonparametric Mann -Whitney test was used (see R in and at 120 min in Fig. 5A ). 
RESULTS

MN spiking activity induces LTP at the crayfish sensory-motor synapse
Long-duration (Ͼ4 hr) paired recordings (n ϭ 25) were obtained from M Ns and presynaptic CBTs to study the time course of the monosynaptic EPSP before and after M N firing. Before activation the M N displayed small amplitude EPSPs in response to CBT spikes ( Fig. 1 B, control ) . Intracellular injection of depolarizing current pulses into the postsynaptic M N (10 Hz, 30 msec) with an intensity sufficient to elicit spikes was performed to induce firing in the absence of presynaptic activity ( Fig. 1 B, induction; in this case two spikes were elicited by each depolarizing current pulse). After this induction the M N displayed EPSPs for which the amplitude was increased dramatically from 0.16 Ϯ 0.12 to 0.43 Ϯ 0.11 mV (Fig. 1 B; compare superimposed raw data and averaged traces of control and postinduction), whereas presynaptic spikes remained unchanged. The CBT spike amplitude was 63.422 Ϯ 0.045 mV in control and 63.420 Ϯ 0.048 mV after LTP induction (n ϭ 247; nonsignificantly different mean values), and half-spike width was 1.441 Ϯ 0.0001 msec in control and 1.441 Ϯ 0.0001 msec after LTP induction (n ϭ 247; nonsignificantly different mean values). Figure 1C displays the pooled plots of EPSP amplitudes during the course of three representative experiments. It shows that the short-term activation of a M N (vertical gray bar) was able to induce a strong and long-lasting (Ͼ3 hr) increase in the amplitude of its monosynaptic sensory EPSP. Nevertheless, the left graph, displaying the amplitudes as percentages of control values, shows that, although each sensory -motor connection is able to produce LTP, the efficacy of this potentiation seems to depend on the activated synapse. The right graph, which displays the measurements as percentages of the maximum value, demonstrates that the time course of LTP induction was generally constant and rather slow (within the first 10 min after MN intracellular stimulation) between the different experiments. However, in very rare cases (Ͻ5%) it appeared that some sensory-motor connections developed LTP in two phases, the first phase occurring within the same time scale as that generally observed, with the second phase occurring much later (within the next hour; see filled squares in Fig. 1C ).
Only postsynaptic activity is required to induce LTP at the crayfish sensory-motor synapse
Paired recordings were performed from MNs and presynaptic CBTs to study the roles of these elements in the LTP induction at the sensory-motor synapse. In some experiments (n ϭ 10) only the presynaptic CBT was stimulated intracellularly, whereas in other experiments (n ϭ 25) only the postsynaptic MN was activated by suprathreshold depolarizing current pulses. In both kinds of experiments the monosynaptic EPSPs were recorded for long periods of time before and after the intracellular stimulation.
As shown in Figure 2 , presynaptic activation alone always failed to induce an increase in the monosynaptic EPSP amplitude. The presynaptic activation was mimicked by high-frequency (tetanizing stimulation, up to 100 Hz) intracellular injection of suprathreshold depolarizing current pulses within the presynaptic CBT, in the absence of postsynaptic activity (as shown by the absence of extracellular spikes in the recorded MN as well as on the Dep neurogram; Fig. 2 B) . Before the presynaptic activation (Fig. 2 A) , single EPSP amplitudes ranged from 0.21 to 1.02 mV, whereas after application of the induction protocol (Fig. 2C) , the EPSP amplitudes ranged from 0.24 to 1.13 mV. The distribution Fig. 2 A) . The histogram presents the distribution (number of occurrences) of EPSP amplitudes. B, Induction protocol. The recorded Dep M N (middle trace) was stimulated intracellularly (10 Hz) while the presynaptic CBT (top trace, intracellular recording) remained silent. C, After the induction protocol the single EPSP amplitude was increased strongly. Note the quantal jumps that are visible in the raw data (same arrangements as in Fig. 2C ).
histograms before (Fig. 2 A) and after (Fig. 2C ) the induction (Fig. 2 B) displayed mean values that were nonsignificantly different (0.61 Ϯ 0.31 and 0.60 Ϯ 0.32 mV, respectively). The superimposed samples as well as the averaged traces also demonstrate that the induction protocol did not affect the EPSPs (compare traces in Fig. 2 A, C) . Figure 3 illustrates an experiment in which the postsynaptic MN was stimulated intracellularly in the absence of any presynaptic activity (Fig. 3B) . Paired recordings of a CBT and a postsynaptic Dep M N were performed before (Fig. 3A) and after (Fig.  3C ) the induction protocol. The same analysis as performed in Figure 2 demonstrated that the single EPSP amplitudes were increased significantly (ranging from 0.07 to 1.23 mV before and from 0.33 to 2 mV after the induction protocol), and the distribution histograms were shifted to higher mean values (from 0.40 Ϯ 0.23 to 0.71 Ϯ 0.20 mV). Compare also the raw data and averages in Figure 3 , A and C.
LTP induction at the crayfish sensory-motor synapse is specific to the MN activated
In five experiments, paired intracellular recordings were performed on two M Ns of the same f unctional group. Figure 4 presents one such experiment in which monosynaptic EPSPs elicited by extracellular stimulation of the CBn were recorded simultaneously from two Dep M Ns (Fig. 4 A) . Both Dep MNs then were activated sequentially by intracellular injection of suprathreshold depolarizing current pulses. The graph in Figure 4 B displays the time course of EPSP mean amplitude in both MNs throughout the experiment. Almost constant before MN activation, the EPSP mean amplitude increased considerably and longlastingly in the first Dep MN that was stimulated (Dep MN 1), whereas it remained unchanged in the second Dep MN (Dep MN 2). This lack of potentiation of the MN2 EPSPs was not attributable to an inability of the MN2 sensory-motor synapse to be potentiated, because after intracellular stimulation of Dep MN2 a significant increase in the monosynaptic EPSP recorded from Dep MN2 was observed (up to a 37% increase). Over the same time, MN1 continued to potentiate by a further 33%.
LTP induction at the crayfish sensory-motor synapse occurs at the presynaptic site
To analyze the postsynaptic effects of LTP, we performed experiments (n ϭ 20) in which a single intracellular recording was performed from a MN (Fig. 5A) , and monosynaptic EPSPs were elicited by extracellular stimulation of the CBn. Extracellular stimulation of the motor nerve (Dep n St) and antidromic invasion of the recorded MN then were used to induce LTP. The input resistance (R in ) and membrane potential (V m ) of the recorded Dep MN, as well as the amplitude and decay time constant (), of the EPSPs were measured throughout the experiment. The results demonstrated that LTP induction did not affect membrane properties (R in , V m , and ) of the recorded Dep MN (Fig. 5A) . None of the R in and values was significantly different from the control values, as revealed by the Student's t test for measures at 30, 40, and 80 min (n ϭ 6 for each) and by the nonparametric Mann-Whitney test for measurements at 120 min (n ϭ 3). These observations therefore suggest that LTP is not induced at the postsynaptic site in the MNs themselves.
Paired intracellular recordings then were performed from a Dep MN and a presynaptic CBT to analyze the quantal variations of the single monosynaptic EPSP amplitude (Fig. 5B) . In the example presented, LTP was induced by antidromic stimulation of the Dep motor nerve. After the induction the monosynaptic EPSPs displayed a more than twofold increase in their amplitude. Quantal analyses were performed (1) before and (2) after the induction of LTP on single EPSP amplitudes (n ϭ 800). They demonstrated that the increase in the amplitude resulted from the strong increase in the probability ( p increased from 0.385 to 0.8) of release of neurotransmitter by the CBT, without any changes in the quantal size (q ϭ 60 V) or total number of quanta (n ϭ 16). This result and the lack of effect of LTP on MN properties strongly suggest that LTP may be induced at the presynaptic site without the participation of postsynaptic mechanisms.
Direct application of glutamate onto presynaptic CBTs induces LTP at the crayfish sensory-motor synapse
The role of glutamate in LTP was demonstrated in experiments (n ϭ 12) in which a MN was recorded intracellularly while monosynaptic EPSPs were elicited by extracellular stimulation of the CBn. Glutamate was applied directly by pressure microejection in the vicinity of the CBCO sensory terminals within the ganglion (Fig. 6 A) . We verified that the recorded MN remained silent throughout these experiments (data not shown).
In response to CBn electrical stimulation the recorded MN (Lev MN in the example presented in Fig. 6 B) displayed EPSPs with very constant shape and amplitude in the control condition. After glutamate microejection the amplitude of the EPSP dramatically increased from 2.2 Ϯ 0.2 to 4 Ϯ 0.8 mV. The pressure application of glutamate onto the CBTs thus induced a large and long-lasting increase in the monosynaptic EPSP amplitude. The lack of postsynaptic effect of the glutamate application was verified in five experiments by measuring the input resistance (R in ) of the recorded M N throughout the experiment. Figure 6C displays pooled data obtained from five representative experiments. Figure 6C 1 displays the EPSP amplitude increase after glutamate microapplication (vertical black bar) as the percentage of control values. As was the case during M N-induced potentiation, the efficacy of the exogenous glutamate-induced potentiation seemed to depend on the particular sensory -motor connection (compare with Fig. 1C, lef t) . In contrast, there were no significant changes in the M N R in . The graph in Figure 6C 2 displays the EPSP amplitude potentiation as a percentage of maximum value and demonstrates that glutamate-induced LTP occurred within the same time scale as that induced by MN intracellular activation (compare with Fig. 1C, right) . Therefore, glutamate microapplication appeared to reproduce the presynaptic induction of LTP demonstrated above.
LTP at the crayfish sensory-motor synapse involves central glutamate neurotransmission from the MN onto presynaptic CBTs
GPT is an enzyme that rapidly degrades glutamate. In experiments (n ϭ 7) in which only one MN was recorded intracellularly, we tested the effects of GPT (30 U in 100 ml) on the induction of LTP of the monosynaptic EPSPs elicited by electrical stimulation of the CBn (Fig. 7A) .
As shown in Figure 7B , electrical stimulation of the CBn elicited small amplitude monosynaptic EPSPs (1 Ϯ 0.10 mV, control) in the intracellularly recorded Lev MN. Bath perfusion of GPT prevented the increase in EPSP amplitude after application of the induction protocol by using intracellular suprathresh- The bottom graphs display the EPSP peak amplitude histograms before (lef t) and after (right) LTP induction. Superimposed on histograms are the best fits, using simple binomial statistics and a Gaussian distribution of quantal amplitudes. n, Total number of quanta; q, quantal size; p, release probability.
old stimulation of the Lev M N (1 Ϯ 0.11, postinduction1), whereas the same stimulation strongly increased the EPSP amplitude when GP T was removed from the bath (2.8 Ϯ 0.4 mV, postinduction2). Comparable results also were obtained when LTP was induced by direct glutamate microapplication (data not shown).
GPT bath perf usion caused a reversible block of LTP induction. The graph in Figure 7C displays the time course of the EPSP mean amplitude in response to LTP induction in the presence (horizontal black bars) or in the absence (horizontal white bar) of GPT in the perf usion bath. M N intracellular stimulation was used to induce LTP at three different times during the same experiment (vertical gray bars). First, in the presence of the enzyme, suprathreshold intracellular stimulation of the recorded Dep M N failed to induce any increase in the monosynaptic EPSP amplitude. Second, removing GP T from the perf usion bath allowed the development of the large (300%) and long-lasting (Ͼ5 hr) increase in the sensory -motor EPSP amplitude after MN intracellular activation. Returning to GP T perf usion did not affect the characteristics of the potentiated EPSP, which remained potentiated for Ͼ3 hr in the presence of the enzyme. Finally, the EPSP amplitude progressively decreased after 6 hr. At this time the presence of GP T prevented any new induction of LTP, and the EPSP amplitude went on decreasing until it reached its minimal value.
Pharmacology of the glutamate-induced LTP at the crayfish sensory-motor synapse
Various glutamate agonists (Fig. 8 A) were substituted for glutamate in the ejection micropipette and ejected into the vicinity of the CBTs, where glutamate was able to induce potentiation of the monosynaptic sensory EPSP. The ionotropic glutamate receptor agonists NMDA (n ϭ 4) or KA (n ϭ 7) and the metabotropic glutamate receptor agonist ACPD (n ϭ 8) were tested on EPSPs elicited by electrical stimulation of the CBn. Whenever tested before glutamate microapplication or after recovery from glutamate-induced LTP, none of the glutamate agonists that was ejected was capable of inducing any significant long-lasting change in the monosynaptic EPSP.
In view of the slowness of the LTP induction observed at crayfish sensory-motor synapses (ϳ10 min; see Figs. 1C, 6C) , we pursued the metabotropic analysis further, combining local glutamate microapplications with mGluR antagonist superfusion (Fig. 8 B) . In the presence of 4C3HPG neither glutamate microejection (see graph in Fig. 8 B) nor MN intracellular (n ϭ 3) or antidromic stimulation (n ϭ 3) resulted in LTP induction. By contrast, in control conditions such protocols were able to induce a significant long-lasting increase in EPSP amplitude. However, as shown by the histogram in Figure 8 B, the other metabotropic glutamate antagonists tested, MCPG (n ϭ 2) and AP4 (n ϭ 2), were unable to prevent LTP induction. On the contrary, 4C3HPG always totally prevented sensory -motor LTP induction by glutamate microejection (n ϭ 4), and this effect was reversible (see the wash bar in the histogram). These pharmacological results suggest that an invertebrate form of mGluR could mediate glutamateinduced LTP because it is prevented by 4C3HPG perf usion but is insensitive to AC PD application.
DISCUSSION Crayfish sensory-motor synapses display LTP
The present data clearly demonstrate that crayfish sensory-motor synapses are subject to plastic changes that long-lastingly enhance synaptic activity by a mechanism that involves the spiking activity of the postsynaptic M N, but not that of the presynaptic sensory terminal. Moreover, we demonstrated that this LTP was mediated by glutamate (see Figs. 6, 8) and prevented by GP T superfusion (see Fig. 7 ). Therefore, we assume that the potentiation of the sensory -motor connection results from a direct retrograde action of the M N onto the CBTs. This assumption is reinforced by the fact that glutamate is the MN neurotransmitter (Van Harreveld, 1980) and that in all of our experiments routine perfusion of a high Ca 2ϩ /high Mg 2ϩ saline allowed only the monosynaptic connections to be effective (Berry and Pentreath, 1976) .
LTP at crayfish sensory-motor synapse originates from the MN and occurs at the presynaptic site
As demonstrated in Figures 2 and 3 , presynaptic activity is not required for the induction of LTP at the crayfish sensory-motor synapse. We showed that high-frequency (30 -100 Hz) stimulation of the presynaptic afferent was unable to induce an increase in EPSP amplitude in the absence of postsynaptic discharge (see Fig. 2 ), even when the postsynaptic MN was depolarized to different subthreshold levels (data not shown). By contrast, in vertebrate and other invertebrate LTP models studied so far, activity-induced plasticity results from stimulation of the afferent pathway (Artola and Singer, 1987; Gustafsson and Wigström, 1988; Isaac et al., 1996) . Therefore, in our model, LTP induction does not correspond to any previously reported classical associative (White et al., 1988) or nonassociative (Zalutsky and Nicoll, 1990 ) mechanisms of LTP induction. On the contrary, the sole firing of the postsynaptic MN in the absence of presynaptic activity (see Fig. 3 ) is sufficient to induce LTP at the crayfish sensory-motor synapse. In CA1 pyramidal cells, Neveu and Zucker (1996) have described long-lasting changes in synaptic efficacy that were induced without any presynaptic activity, by the photolysis of a caged Ca 2ϩ compound that artificially elevated the postsynaptic intracellular [Ca 2ϩ ]. Their results indicate that, at the Schaffer collateral-CA1 neuron synapse, LTP induction originates from the postsynaptic cell. Nevertheless, in normal conditions the increase in postsynaptic intracellular [Ca 2ϩ ] probably would involve the activation of glutamate NMDA receptors located at the synaptic site. It is likely, therefore, that the presynaptic Schaffer collateral plays a major role in the LTP induction. In crayfish sensory-motor LTP it appears that the presynaptic afferent does not play any significant role in the actual induction of the phenomenon. This perhaps is not surprising because the firing of a previously resting MN is driven by the central pattern generator itself. Because LTP of the sensory-motor synapses is induced by the sole firing activity of the MN, this plasticity thus may result from a natural induction mechanism and therefore may have an important functional significance (discussed below).
The observation of a lack of long-term modifications in the stimulated MN (see Figs. 5A, 6C ) and of the large increase in the probability of the presynaptic neurotransmitter release after LTP induction (see Fig. 5B ) strongly suggests that the plastic changes occur exclusively in presynaptic sensory terminals (Kullmann and Nicoll, 1992) . In hippocampus, colleagues (1995, 1996) observed a similar increase in release probability and suggested that LTP could result from the activation of previously silent synapses (i.e., the activation of previously silent postsynaptic receptors; Isaac et al., 1995) . Nevertheless, the observed concomitant increase in quantal size strongly suggests the involvement of the postsynaptic neuron (Isaac et al., 1996) .
Interestingly, LTP induction in crayfish involves the activation of a mGluR located presynaptically on the CBT. Although an invertebrate mGluR has been cloned in Drosophila (Parmentier et al., 1996) , this is the first time the role of mGluRs has been documented in an invertebrate neural network. Although mGluRs also are involved in synaptic plasticity in vertebrates (Bliss and Collingridge, 1993; Riedel et al., 1995) , the LTP occurring at crayfish synapses constitutes an original strength control mechanism, because its origin is purely postsynaptic whereas its effects are purely presynaptic. This contrasts strikingly with the studies performed in the Schaffer collateral -CA1 pyramidal cell system of vertebrates. In this model, LTP induction seems to result from the activation of the presynaptic afferent (the Schaffer collateral) concomitantly with the depolarization of the postsynaptic CA1 neuron (Nicoll et al., 1988; White et al., 1988) . Moreover, several authors reported that the intracellular stimulation of the postsynaptic CA1 cell induces only an activitydependent depression of cell firing (Madison and Nicoll, 1984; Borde et al., 1995) . In contrast, intracellular stimulation of the crayfish M N did not have any effect on the M N activated but enhanced its input synapses via a long-lasting facilitation of neurotransmitter release from presynaptic afferents.
Functional significance
The LTP mechanism described here could be involved in the organization of "sensory -motor network" f unction according to locomotor requirements. This notion is supported by the three following observations:
• Crayfish thoracic and abdominal ganglia M Ns have been reported to be arranged in f unctional groups in which the MNs always have the same physiological properties and serve the same behavioral f unction (Faulkes and Paul, 1997; Sherff and Mulloney, 1997) . However, the long-term positive feedback described here is specific to the M N activated (see Fig. 4 ).
• Previous studies on both vertebrate and invertebrate models put forward the idea that LTP induction may require highfrequency discharge of the participating neurons (Artola and Singer, 1987; Parker, 1995; Bao et al., 1997) . However, the intracellular or extracellular stimulation frequencies used in our experiments never exceeded 15 Hz, which corresponds to the low physiological spiking frequencies observed during locomotor behavior. Therefore, LTP induction in crayfish can be caused by "normal" neuronal discharges occurring during walking activities.
• It is also noticeable that it was never possible to potentiate further a given synaptic connection when it was potentiated already (data not shown). Moreover, LTP at the crayfish sensorymotor synapse only occurred when the preparation was previously kept quiet for a long time. As a consequence, before performing any single or paired intracellular recordings, we routinely waited at least 2 hr to allow MNs to rest and thus for the sensory-motor synapses to operate at their lower levels of efficacy. In living animals such long silent period of MNs may occur, for example, when the animal is resting in its shelter.
Taken together, these observations suggest that LTP may always occur when the network is active and thus may constitute a gain control mechanism that reinforces the input synapses to specific MNs involved in locomotor activity.
This LTP mechanism appears to contrast with the previous description by Cattaert and Le Ray (1998) of the presynaptic inhibition of the CBCO produced by retrograde release of gluta- Figure 8 . Pharmacology of glutamateinduced LTP. A, None of the glutamate agonists substituted for glutamate in the pressure ejection pipette was able to induce LTP of the monosynaptic EPSP elicited by extracellular stimulation of the CBCO nerve. T wo ionotropic glutamate agonists, NMDA and kainate (K A) and one metabotropic glutamate agonist, AC PD, were tested. B, Although the metabotropic glutamate antagonists MC PG and AP4 were unable to prevent LTP induction when they were added in the perf usion bath, 4C3HPG caused a complete and reversible (wash) blockade of the LTP induction by glutamate ejection. This indicates that a metabotropic form of glutamate receptor may mediate LTP induction. ***p Ͻ 0.001; *p Ͻ 0.05; ns, nonsignificant.
